Lipid droplets (LDs) are ubiquitous organelles that contain neutral lipids and are surrounded 15 by a phospholipid monolayer. How proteins specifically localize to the phospholipid 16 monolayer of the LD surface has been a matter of extensive investigations. Here we show 17 that syntaxin 17 participates in LD biogenesis by regulating the distribution of acyl-CoA 18 synthetase 3 (ACSL3), a key enzyme for LD biogenesis that redistributes from the 19 endoplasmic reticulum to LDs during LD formation. Time course experiments revealed that 20 syntaxin 17 binds to ACSL3 in the initial stage of LD formation, and that ACSL3 is released 21 as a consequence of competitive binding of SNAP23 to syntaxin 17 in the maturation stage. 22
Introduction 27
Lipid droplets (LD) are ubiquitous organelles that store neutral lipids such as triacylglycerol 28 (TAG) and sterol esters, and play central roles in energy and lipid metabolism (Walther and 29 Farese, 2012) . LDs are dynamic and diverse organelles, their size and number depending on 30 cellular energy and the metabolic state, and their protein and lipid compositions varying with 31 the cell type and the degree of LD maturation in individual cell types (Ohsaki et al., 2014; 32 Pol et al., 2014; Thiam and Beller, 2017) . Moreover, LDs are in contact with many 33 organelles, including the endoplasmic reticulum (ER), mitochondria, and peroxisomes (Gao 34 and Goodman, 2015; Ohsaki et al., 2017) . Recent studies revealed that LDs have additional 35 functions, such as in ER stress responses, protein storage, protein degradation, and viral 36 replication (Stordeur et al., 2014; Welte, 2015) . 37
LDs are unique among cellular organelles in that they are surrounded by a phospholipid 38 monolayer. LD formation starts in the endoplasmic reticulum (ER) at pre-defined or random 39 sites (Kassan et al., 2013; Thiam and Forêt, 2016) , with the formation of lipid lenses of 40 around 50 nm in the intermembrane space of the ER lipid bilayer (Choudhary et al., 2015) . 41
The formation of lenses and their enlargement as a consequence of lateral fusion and/or 42 accumulation of more lipids generate curvature of the ER membrane. At this stage acyl-CoA 43 synthetase 3 (ACSL3), an enzyme that provides acyl-CoA for LD formation, moves within 44 the ER and becomes concentrated at emerging LD sites through its amphipathic α helices 45 Although Stx17 is ubiquitously expressed, it is abundantly expressed in steroidogenic and 77 hepatic cells (Steegmaier et al., 2000) , both of which have large numbers of LDs. This and 78 the MAM localization of Stx17 prompted us to examine the role of Stx17 in LD biogenesis. 79
We first examined whether Stx17 is required for LD biogenesis by silencing the protein. We 80 used two siRNAs (siRNA 440 and 194) that were able to effectively knockdown Stx17 81 (Arasaki et al., 2015, and Figure 1A) , and found that the size and number of LDs were 82 significantly reduced in hepatic cells (HepG2 and Huh7 cells) depleted of Stx17 ( Figure 1B , 83 left two columns). Silencing of Stx17 also inhibited oleic acid (OA)-induced LD biogenesis 84 in HeLa cells ( Figure 1B, right column) . In accordance with the inhibition of LD formation, 85 TAG synthesis was blocked in Stx17-silenced HeLa cells ( Figure 1C ). Of note is that Stx17 86 was not localized on the surface of LDs ( Figure 1B To gain an insight into the mechanism by which Stx17 participates in LD biogenesis, 94
we examined which domains of Stx17 are responsible for LD biogenesis. To address this, we 95 performed rescue experiments using siRNA (Stx17 (NC)) that targets the 3' non-coding 96 region of Stx17 ( Figure 1D) . In Stx17-silenced cells, FLAG-tagged Stx17 wild-type showed 97 restored size and number of LDs, excluding the possibility of an off-target effect of the 98 siRNAs used ( Figure 1E,F) . We examined the ability of several Stx17 mutants ( Figure  99 1-figure supplement 1D) to compensate for Stx17 depletion. No rescue was observed for 100
Stx17 K254C in which Lys254 in the middle of the CHD was replaced by Cys, the CHD+C 101 7 finally become detached, our electron microscopic data suggest that LDs remain immature 127 and attached to the ER due to loss of Stx17. To directly test this, we performed FRAP 128 experiments. In mock-treated cells, the signals of LD-localized BODIPY FL-C16, a 129 membrane-permeable fatty acid that is efficiently incorporated into the triacylglycerol pool 130 Because the redistribution of ACSL3 to LDs was suppressed in Stx17-silenced cells, Stx17 145 might regulate the localization of ACSL3 through protein-protein interaction. To test this 146 possibility, we performed immunoprecipitation and proximity ligation assay (PLA). 147
Significant amounts of GFP-tagged ACSL3 ( Figure 3A Figure 3E ), although the ∆GATE mutant as well as the wild-type 160 protein may be close to Stx17 in the absence of OA ( Figure 3F ). These findings combined 161 with the fact that the SNARE domain of Stx17 is required for LD formation ( Figure 1E 
SNAP23 localizes to the MAM 178
Given that Stx17 regulates the redistribution of ACSL3 from the ER to LDs likely through 179 protein-protein interaction, we reasoned that other protein(s) might modulate this interaction. 180
We focused on SNAP23 because previous studies revealed the involvement of this protein in 181 lipid droplet formation and localization (Boström et al., 2007; Jägerström et al. 2009 ), and 182 our interactome analysis identified SNAP23 as an Stx17-interacting protein (data not shown). 183
We examined whether SNAP23, like Stx17, localizes to the MAM, in addition to the ER and 184 mitochondria. As shown in Figure 4A , SNAP23 was found to be highly enriched in the 185 MAM fraction. Of note is that a significant amount of ACSL3 was also recovered in the 186
MAM fraction. 187
Silencing of SNAP23 ( Figure 4B Because both ACSL3 and SNAP23 interact with the SNARE domain of Stx17, we 211 sought to determine whether they bind to Stx17 in a synergic or competitive manner. When 212 SNAP23 was knocked down, the number of PLA dots representing the proximity between 213
Stx17 and ACSL3 was significantly increased ( Figure 5C ), whereas ectopic expression of 214 SNAP23 reduced the number of the PLA dots ( Figure 5D ). Furthermore, in cells expressing 215 GFP-ACSL3 wild-type but not mutants lacking the ability to bind Stx17, i.e., the ∆GATE 216 and ∆TMD mutants, the proximity of Stx17 to SNAP23 was disrupted ( Figure 5E ). These 217 findings suggest that SNAP23 and ACSL3 compete for Stx17 binding. 218
219
The MAM, but not tethering between the MAM and mitochondria, is important for 220
LD formation 221
Next, we examined the effect of depletion of PACS-2, a multifunctional sorting protein that 222 is required for maintaining MAM integrity (Myhill et al., 2008; Simmen et al., 2005) , and 223 mitofusin 2 (Mfn2), a key tether for ER-mitochondria (Naon et al., 2016) . As shown in 224 Figure 6A , Mfn2 depletion did not affect OA-induced LD formation, whereas PACS-2 was 225 found to be required for LD formation. Consistent with these findings, the proximity signal 226 for FLAG-Stx17 and ACSL3 was reduced upon depletion of PACS-2, but not Mfn2, and OA 227 increased the signal ( Figure 6B) . 228
We assessed the Stx17 milieu in cells depleted of PACS-2 or Mfn2 by means of 229 digitonin sensitivity. Although some punctate Stx17-positive structures were observed in 230
Mfn2-silenced cells, they were mostly abolished by digitonin treatment (Figure 6C Given that SNAP23 and ACSL3 compete for Stx17 binding, one attractive hypothesis for the 239 regulation of the redistribution of ACSL3 from the ER to nascent LDs due to Stx17 and 240 SNAP23 is that at the onset of LD formation ACSL3 first binds to Stx17, and then SNAP23 241 competitively binds to Stx17, releasing ACSL3 from Stx17 to allow its redistribution to the 242 LD surface. To test this hypothesis, we monitored the change of the binding partner during 243 LD maturation. Immunoprecipitation ( Figure 7A ) and PLA ( Figure 7B ) revealed that the 244 binding of ACSL3 to Stx17 was augmented at 1-hr incubation with OA and then decreased, 245
whereas the binding of Stx17 to SNAP23 increased up to 6 hr. (Figure 7A,B) and other data, we envisage that the interaction 272 Hepes-KOH (pH 7.2), 150 mM KCl, 2 mM EDTA, 1 mM dithiothreitol, 1 µg/ml leupeptin, 367 1 µM pepstatin A, 2 µg/ml aprotinin, and 1 mM phenylmethylsulfonyl fluoride) containing 368 1% Triton X-100 or 10 mg/ml digitonin. After centrifugation, the supernatants were 369 collected and immunoprecipitated with anti-FLAG M2 affinity beads (Sigma-Aldrich). The 370 precipitated proteins were eluted with SDS sample buffer, and then analyzed by 371 immunoblotting. Experiments were repeated two or three times with similar results. 372 373
Immunofluorescence microscopy 374
For immunofluorescence microscopy, cells were fixed with 4% paraformaldehyde for 20 375 min at room temperature or ice-cold methanol at -20ºC, and then observed under an 376
Olympus Fluoview 300 or 1000 laser scanning microscope. Unless specifically stated, 377
shown in figures are representative images of at least three independent experiments. To 378 determine the fluorescence intensity ratio (Figures 2C and 4D) , immunofluorescence images 379 obtained were analyzed using ImageJ software (NIH). 380 381
Electron microscopy 382
Cells were fixed with a mixture of 2% formaldehyde and 2.5% glutaraldehyde in 0.1 M 383 sodium cacodylate buffer (pH 7.4) for 2 hr, and then prepared for conventional observation 384 as described previously (Ohsaki et al., 2016) . ER-LD contact length and the circumference 385 of each LD were determined with ImageJ software. ER-LD contact sites were discerned 386 when the distance between the ER membrane and the surface of an LD was 20 nm or less. 387
FRAP 389
FRAP experiments were performed with an Olympus Fluoview 1000 laser scanning 390 microscope equipped with a stage-top incubator (37°C, 5% CO 2 ). To monitor LDs during 391 FRAP experiments, cells expressing GFP constructs or labeled with BODIPY FL-C16 were 392 incubated with Lipid Tox in Opti-MEM supplemented with 10% fetal calf serum before 393 photobleaching. The minimum region defined with the Olympus Fluoview 1000 laser 394 scanning microscope was photobleached using a 488-nm laser at 100% laser power for 2 s. 395
After photobleaching, images were obtained at 0.5 s intervals. In each experiment 30 cells 396 were used, and more than 3 LDs in each cell were bleached. Experiments were repeated 397 three times, 398 399
Differentiation of 3T3-L1 cells and measurement of intensity of Oil Red O staining 400
Differentiation was induced using an AdipoInducer Reagent (for animal cell) kit (Takara Bio, 401 MK429) according to the manufacturer's protocol. Briefly, 3T3-L1 cells were 402 mock-transfected or transfected with siRNA Stx17 (421). At 72 hr after transfection, cells 403
were incubated with DMEM supplemented with 50 IU/ml penicillin, 50 µg/ml streptomycin, 404 and 10% fetal calf serum, plus 10 µg/ml insulin solution, 2.5 µM dexamethasone, and 0.5 405 mM 3-isobutyl-1-methylxanthine, for 48 hr. The medium was replaced with DMEM 406 containing 10 µ g/m insulin, and then incubated for ~9 days. For Oil Red O staining, cells 407 were fixed, washed with 60% isopropanol for 1 min, and then incubated with a 60% Oil Red 408 O solution (99% isopropanol/0.3% Oil Red O) for 15 min at 37℃. After washing with 60% 409 isopropanol and drying, Oil Red O was dissolved in 100% isopropanol and the OD at 500 410 nm was measured. 411 412 PLA 413
PLA was conducted using a PLA kit (Sigma-Aldrich) according to the manufacturer's 414 protocol. Thirty cells were analyzed in each assay. PLA dots were identified using the 415 "analyze particle" program in the ImageJ software. Randomly, 30 cells were selected and the 416 number of PLA dots was measured in each sample, and the experiments were repeated three 417 times. 418 419
Subcellular fractionation 420
Subcellular fractionation was performed as described previously (Arasaki et al., 2015) . 421 Experiments were repeated two or three times with similar results. 422 423
Digitonin treatment 424
Digitonin was freshly dissolved in DMSO before use. Cells were incubated for 5 min at 425 room temperature with 30 µg/ml digitonin in KHM buffer (25 mM Hepes (pH 7.2), 125 mM 426 potassium acetate, 2.5 mM magnesium acetate, 1 mM dithiothreitol, and 1 mg/ml glucose). 427 428
Statistical analyses 429
The results were averaged, expressed as the mean ± SD or SEM, and analyzed using a paired wild-type or the K254C mutant were transfected with GFP-ACSL3 wild-type (dark gray bar), 725 the ∆GATE mutant (light gray bar), or the ∆TMD mutant (white bar), and treated as 726 described in (C). PLA was performed using antibodies against FLAG and GFP. The bar 727 graph shows the means ± SEM (n = 3). transfected with one of the indicated FLAG-tagged constructs and then incubated for 24 hr. 771
Cell lysates were prepared and immunoprecipitated using anti-FLAG M2 beads. 5% input 772 and the precipitated proteins were analyzed with antibodies against SNAP23 and FLAG. (B) 773
HeLa cells were transfected with one of the indicated FLAG-tagged constructs and then 774 incubated for 24 hr. Cells were fixed, and PLA was performed using antibodies against 775 FLAG and SNAP23. (C,D) HeLa cells were mock-transfected or transfected with siRNA 776 targeting SNAP23 (C), or transfected with the GFP vector or GFP-SNAP23 wild-type (D). 
